ABSTRACT Background: Choline is essential for fetal brain development, and it is not known whether a typical American diet contains enough choline to ensure optimal brain development. Objective: The study was undertaken to determine whether supplementing pregnant women with phosphatidylcholine (the main dietary source of choline) improves the cognitive abilities of their offspring. Design: In a double-blind, randomized controlled trial, 140 pregnant women were randomly assigned to receive supplemental phosphatidylcholine (750 mg) or a placebo (corn oil) from 18 wk gestation through 90 d postpartum. Their infants (n = 99) were tested for short-term visuospatial memory, long-term episodic memory, language development, and global development at 10 and 12 mo of age. Results: The women studied ate diets that delivered w360 mg choline/d in foods (w80% of the recommended intake for pregnant women, 65% of the recommended intake for lactating women). The phosphatidylcholine supplements were well tolerated. Groups did not differ significantly in global development, language development, short-term visuospatial memory, or long-term episodic memory. Conclusions: Phosphatidylcholine supplementation of pregnant women eating diets containing moderate amounts of choline did not enhance their infants' brain function. It is possible that a longer follow-up period would reveal late-emerging effects. Moreover, future studies should determine whether supplementing mothers eating diets much lower in choline content, such as those consumed in several low-income countries, would enhance infant brain development. This trial was registered at clinicaltrials.gov as NCT00678925.
INTRODUCTION
Choline is an essential nutrient found in foods such as milk, meat, and eggs; it has important functions during the fetal and neonatal periods, when the brain is rapidly developing. Attesting to the importance of choline for development, large amounts of choline are delivered to the fetus from the mother across the placenta (1, 2) , exposing the fetus to very high choline concentrations (3, 4) and thereby presumably ensuring enhanced availability of choline to tissues. In mammals, the choline concentration in amniotic fluid is 10-fold greater than that in maternal blood (5) . Human and rodent milk provide large amounts of choline to the neonate (6, 7) , because mechanisms in the mammary glands uptake choline at high rates (8) .
Nonetheless, we do not know the amount of dietary choline that women need to ensure optimal infant brain development. There is a wide variation in choline intake in the diet; in several US cohorts the average daily choline intake has been estimated to be w300 mg (9) (10) (11) (12) , but intake of choline is estimated to be half of this amount in low-income countries (13) . The recommended choline intake (Adequate Intake) is 450 mg/d for pregnant women and 550 mg/d for lactating women (14) . Normal dietary intake of betaine (derived from choline) is 100 mg/d in the United States (11) . There is no recommended intake for betaine.
In rodents, high maternal dietary intake of choline enhances hippocampal function (15) (16) (17) and related cognitive abilities (18) (19) (20) (21) (22) (23) in offspring pups. More specifically, in rodent studies choline supplementation and/or choline deficiency during late pregnancy is associated with significant and irreversible changes in hippocampal function in the adult animal, including altered long-term potentiation, an electrical property of brain plasticity that is active in memory processing (15, 16, (24) (25) (26) and altered memory (18) (19) (20) (21) (22) (23) . It is not yet known whether the effects on brain development and subsequent cognition that are seen in animal models translate to effects in humans. It is known that low maternal dietary intake of choline is associated with an increase in birth defects in rodents (27, 28) and in humans (29, 30) .
In humans, the behavioral evidence indicates that once the hippocampal system reaches peak synaptic development [between 12 and 15 mo of age (31) ] it is functionally mature. In the months before this (7-12 mo of age), we would expect, and do indeed find, variation in long-term episodic memory (memory across a delay for events in the environment) (32) and short-term visuospatial memory (memory for location of objects in visual space) (33, 34) . Given the effects of choline on the hippocampus, we explored its effects on hippocampal-related cognition. To our knowledge, the effects of maternal choline supplementation on cognitive development in humans have not been explored. This study was undertaken to determine whether supplementing pregnant and lactating women with phosphatidylcholine in addition to normal dietary intake of choline would enhance the cognitive abilities of their infants.
SUBJECTS AND METHODS

Subjects
Resources and limitations in the availability of participants restricted sample size. Nonetheless, a power analysis using data from a pilot study showed that a sample of 128 would enable us to detect a medium effect size (f = 0.25) at a power level of 0.8. It was estimated that dropouts or complications at birth would result in a 10% loss. Thus, between December 2004 and July 2006, 140 pregnant, healthy women were enrolled from the Raleigh-Durham-Chapel Hill, North Carolina, metropolitan area in a double-blind study approved by the Institutional Review Board at the University of North Carolina at Chapel Hill. Neither participants nor researchers were aware of any individual participant's group membership. Details on the enrollment, randomization, withdrawal, and follow-up of participants are shown in Figure 1 : 99 participants completed the intervention (n = 49 treatment, 50 placebo), with a total of 41 either dropping out voluntarily (n = 34) or being discharged for noncompliance (n = 7). The age range of the mothers was 21-41 y. Pregnant women who were healthy, who had a typically proceeding pregnancy, expressed an intention to breastfeed for $90 d, were taking a prenatal vitamin, were receiving regular prenatal care, and were fluent in English were eligible to participate. Women who were pregnant with multiple fetuses or were using tobacco products, alcohol, or illicit drugs were deemed ineligible. In addition, women were excluded if they had a history of chronic illness, were allergic to soy or corn, or had a prepregnancy BMI (in kg/m 2 ) ,18 or $35. All 99 infants (58 females, 41 males) were born healthy between June 2005 and December 2006. Baseline characteristics of the 99 mothers and their infants are provided in Table 1 . Women in the control group weighed more and had a higher BMI on average at conception than did women in the supplemented group. The ethnic composition of the final sample was as follows: white (89%), African American (3%), Asian (6%), Native American (1%), and other (1%), which approximates the diversity of the catchment area. The study ended as planned when the infants had all completed the 12-mo assessments.
Study design
Intervention
Pregnant women were randomly assigned to consume either choline or placebo capsules from 18 wk of gestation to 90 d postpartum according to a table generated by the study biostatistician. The randomization was done in 25 blocks of 4, which ensured that every 4 participants were assigned equally between the 2 groups.
Staff personnel randomly assigned participants (n = 74) to consume supplemental choline (750 mg choline/d; PhosChol, Nutrasal) as 6 gel caps. These capsules contain 833 mg phosphatidylcholine/gel cap; phosphatidylcholine is w15% choline molecule by weight. The other participants (n = 66) were assigned to consume 6 corn oil placebo gel caps per day. Choline and placebo capsules were identical in color, shape, and size. Researchers and mothers were blind to group assignment. Phosphatidylcholine was used as the dietary supplement because it is not converted by gut bacteria to trimethylamine, which imparts a fishy body odor; choline is a substrate for trimethylamine formation (35) . There are differences in the bioavailability of choline and phosphatidylcholine eaten in the diet (5); however, most of the choline in the diet is in the form of phosphatidylcholine (36) .
All mothers had expressed the intention to breastfeed for $90 d; all infants were breastfed for a minimum of 45 d. Infant assessments were scheduled at 10 and 12 mo, with age based on the child's estimated due date to correct for preterm or late delivery.
Adverse events in the phosphatidylcholine-supplemented and placebo groups were reviewed by a Data Safety Monitoring Board. All mothers of infants included in this report complied with the protocol, as indicated by capsule counts and elevations in blood choline concentrations in samples collected at intervals during pregnancy and lactation (37) .
Dietary analysis of choline intake
All participants were asked to keep a complete 3-d food record, reflective of their usual intake, immediately before their 30-wk gestation and 45-d postpartum visits. Participants were asked to record everything that they ate and drank on 2 typical weekdays and 1 weekend day. Daily food intake records were analyzed by using the Esha Food Processor SQL program (version 10. (36, 38) were manually entered into the database before conducting the analyses and referenced according to the 5-digit Nutrient Databank Number. The total choline content of a particular food was calculated as the sum of the amounts of choline, phosphocholine, glycerophosphocholine, phosphatidylcholine, and sphingomyelin. Betaine was calculated independently. If the total choline or betaine content of a specific food item was unavailable, a nutritionally equivalent food was substituted in the analysis (eg, peach for apricot). Each day of the 3-d food record was analyzed individually and then averaged for each subject. The total choline intake was estimated by adding the average amount of choline ingested per day with the amount provided in the supplement (750 or 0 mg) multiplied by the individuals' compliance rate, to increase the precision of intake variable.
Assessment of infant cognitive abilities
Infants were tested with a battery of cognitive assessments at 2 visits separated by 7-10 d at both 10 and 12 mo, for a total of 4 assessment visits. The 10-and 12-mo sessions were identical. Caregivers were present throughout the visit, holding their infants in their laps.
Short-term visuospatial memory
At each session, infants were tested twice on a short-term Visuospatial Memory Delayed Response Task (33, (39) (40) (41) . The infant was seated on the caregiver's lap facing a testing table 80 cm high, 91 cm long, 30.5 cm wide, 8 cm tall with 3 embedded wells, 11 cm in diameter, and 5 cm deep arranged in a triangular pattern. For the 2-well protocol, an auxiliary top that covered the middle well and left only the outer 2 visible was put in place. There were 6 trials with 2 wells and then 6 trials with 3 wells, for a total of 12 trials per administration and 24 trials within a session. Within each 6-trial set, the order of delays administered was 3-9-15-3-9-15 s with location counterbalanced such that the stimulus was hidden 3 times on the left and 3 times on the right in the 2-well trials and 2 times on the right, 2 times on the left, and 2 times in the middle in the 3-well trials. The same order of location and delay was used for all tests and for all infants. The varied pattern of delays (3-9-15-3-9-15 s) controlled for fatigue: if an infant did not get a 15-s trial correct, but was able to choose correctly on the subsequent 3-s trial, we inferred that the issue with the 15-s trial was that the memory was not retained across the longer delay rather than that the infant was too tired to continue.
Before starting the task, infants were presented with an array of small toys (eg, plastic keys, rattles) from which to choose; the chosen toy was used in the trials. Up to 5 training trials with a delay of 1 s between hiding and encouragement to find it were presented on the first administration of the day and then the scored trials were presented. For each trial, the infant watched as the experimenter hid the object in a well. The wells were then covered simultaneously, eye contact was established with the infant, and the delay was imposed, whereas the researcher counted and clapped to draw the infant's gaze away from the wells during the delay. After the delay, the infant was encouraged to search for the object. Testing was discontinued when the infant lost interest and the experimenter was unable to reinstate interest through the use of new toys or when the researcher or parent determined that the infant was too fussy to continue. Trained observers coded the first reach on each trial and only reaches that resulted in the cover being removed were coded. If the infant reached with both hands at once, coding was completed based on visual regard. That is, the well at which the infant was looking at when the 2-handed reach occurred was coded as the choice. Memory was inferred when the infant found the hidden toy.
Long-term episodic memory
To test for long-term memory abilities, we used an imitation paradigm in which infants were given the opportunity to imitate an action modeled by the researcher after a delay (deferred imitation). Imitation paradigms are well accepted and widely used as a memory assessment for preverbal infants (42) (43) (44) (45) (46) (47) . Sixteen different objects and actions were tested: 4 different object-action sets in each of 4 sessions. A unique primary target action was defined for each object; alternative actions were available, if needed (see below). For each object in turn, there was a 30-s baseline period and a 30-s modeling period. The infant was allowed to explore an object for 30 s (baseline). After 30 s, the researcher retrieved the object and demonstrated the target action 3 times within 30 s to ensure that the infant had seen and understood it. If the infant spontaneously produced the target action during baseline, the alternative action was modeled. For example, if the infant rolled the paint roller on the table (primary target action) on her or his own, the action demonstrated with the paint roller was to roll it on the face (alternative action). This pattern of exploration (30 s) and demonstration of target action (30 s) occurred for each of the 4 objects in the set for a total of about 4 min. After a 15-min delay, which was filled with other tasks, the 4 objects were presented, in turn, and the infant was allowed to freely explore the object for 30 s. Long-term episodic memory (as measured by deferred imitation) was inferred when the infant repeated the target action demonstrated by the researcher. Items were scored during the task by the researcher.
Language development
Early language development was assessed with the MacArthur-Bates Short Form Vocabulary Checklist: Level I (48), a parent report of the words the infant understands and the words the infant says, using a list of 89 words that were systematically selected from the larger 396-item vocabulary checklist of the MacArthur-Bates Communicative Development Inventory (CDI): Words and Gestures (49) . Caregivers completed the Short Form Vocabulary Checklist at the 10-and 12-mo visits; it was scored according to the guidelines provided in the peer-reviewed scientific article that described its derivation and presented the list (48) . The words spoken score was used in analyses because it is less subjective than the words understood score, even though spoken vocabulary is limited at this age.
Global development
The Mullen Scales of Early Learning, AGS edition (50), was used to assess motor, language, and cognitive development. Mullen test items are standardized infant assessment procedures, such as tracking a moving object, moving blocks in or out of a container, solving puzzles, and responding to verbal requests or questions. The Mullen is divided into 5 separate scales: motor ability (fine and gross), visual reception, and language ability (receptive and expressive). There are age-standardized T scores and age-equivalency scores for each scale as well as a comprehensive index comprising the standardized scores of 4 of the subscales (visual reception, fine motor, and receptive and expressive language). Item administration and scoring were completed according to the standardized methods at 10 and 12 mo, with the administration of the test being split between the 2 visits at each age (fine motor and visual reception at the first session; gross motor and expressive and receptive language at the second session).
Data reduction and analyses
Short-Term Visuospatial Memory Task
Each infant participated in a maximum of 24 trials (2 sets of 12) at each session. Percentage correct scores were calculated for each set by dividing the number of correct responses by the number of trials (maximum of 12) on which the infant made a response. If the denominator of this ratio is too small, the estimate of performance is not reliable. By comparing cross-assessment correlations at various cutoffs, we determined that $4 trials were needed for a reliable data point. Thus, if an infant had attempted #3 trials, the percentage correct score was considered missing data. Across sessions and ages, this rule resulted in the loss of 6 to 13 participants' scores in the first administration and 39-46 participants' scores in the second administration of this task. The consistently high number of infants who did not complete 4 or more trials in the second administration of each session suggests that the infants were tired, bored, or frustrated with the task the second time. Thus, because of the large amount of missing data from the second administrations, only the percentage correct scores from the first administration at each session, averaged together, were used in the analyses.
Long-Term Episodic Memory Task
With the exception of one participant, all infants completed all 4 trials within each session. Paired-sample t tests showed no differences between the scores from the 2 sessions that were completed within age. Thus, the scores were averaged together, and a percentage correct within age was computed. All analyses were completed with this variable.
Analyses
The treatment and control group data were subjected to multivariate ANOVA by using the SPSS Inc data analyses package (version 19). Ten-month data and 12-mo data were analyzed separately. Short-term visuospatial memory percentage-correct scores, long-term episodic memory percentagecorrect scores, and words spoken scores were entered as dependent variables for each age, in turn. The number of missing data points in the short-term visuospatial memory scores reduced the number of valid cases to 76. Thus, if it was determined that the short-term visuospatial memory scores were not integral to the model (ie, accounted for no variance), the analyses were repeated without those variables to restore the number of valid cases to 99.
RESULTS
Choline and betaine intake
Mothers in the choline group consumed a supplement of 750 mg choline/d in the form of phosphatidylcholine. This is w140% of the recommended adequate intake for lactating women and 170% of the recommended adequate intake for pregnant women. Threeday food records collected at 30 wk of gestation and 45 d postpartum were analyzed for dietary choline and betaine intakes. There was no difference between the groups in dietary choline intake at 30 wk gestation (363 6 90.3 and 370 6 113.9 mg/d in the placebo and choline groups, respectively) or at 45 d postpartum (369 6 123.5 and 343 6 92.8 mg/d in the placebo and choline groups, respectively). Similarly, there was no difference between the groups in dietary betaine intake at 45 d postpartum (296 6 214.9 and 291 6 245.1 mg/d in the placebo and choline groups, respectively). However, there was a difference between groups in dietary betaine intake at 30 wk gestation (225 6 96.2 and 327 6 267.3 mg/d in the placebo and choline groups, respectively; P , 0.05).
Safety of supplementation
The percentages of adverse events in the choline and placebo groups were not significantly different. Moreover, most of the adverse events were of minor severity, none were definitively related to the study, and no severe adverse events were reported. In addition, according to the study physician and external monitor, the adverse events were very typical of a normal obstetric population and did not occur with greater frequency or severity among the study participants.
Analyses of cognitive measures by treatment group
Descriptive statistics for the cognitive variables are provided in Table 2 . In general, the data were normally distributed, and scores were within the range of typical development (33, 34, 48, 50) . Age effects emerged as would be expected in cognitive development, with evidence of increased performance from 10 to 12 mo in the Short-Term Visuospatial Memory Task (P , 0.0001), in the Long-Term Episodic Memory Task (P , 0.0001), and in words spoken (P , 0.0001). Scores on the Mullen Early Learning composite scores at 10 mo or at 12 mo were above average (average = 100). The scores indicate ageappropriate overall development for the sample as a whole.
In the 10-mo data, there were no findings of statistical significance. In the 12-mo data, a trend toward a group effect was found for the percentage correct on the Long-Term Episodic Memory Task (P = 0.056; 95% CI: 0.447, 0.531; Table 2 ). However, no 12-mo variables were significantly different. In sum, no differences were found at either age between the placebo and choline-supplemented groups on a composite index of global development, number of words spoken, short-term visuospatial memory abilities, or long-term episodic memory.
Exploration of potential confounders
Dietary data
Complete analyses of the diet data are reported elsewhere (37) . However, because there was a significant difference between the groups in betaine intake at 30 wk gestation and dietary choline was not controlled, we report here the results of exploratory analyses for hypothesis generation. To explore the difference in betaine consumption as a potential covariate, multivariate analysis of 10-and 12-mo data were repeated with 30-wk betaine intake as a covariate. The trend toward a group effect of the intervention on the long-term episodic memory scores of 12-mo-olds was no longer present when betaine intake at 30 wk gestation was controlled for.
Because dietary choline was not controlled (ie, participants were free to eat at will), information from dietary recalls was compiled and an intake variable was computed that took into account diet intake plus capsule intake weighted by compliance (to improve accuracy of intake data). This variable was computed for 30 wk gestation and for 45 d postpartum time points. To assess the contribution of total choline intake (diet plus supplement) to cognitive variables (short-term visuospatial memory percentage correct scores, long-term episodic memory percentage correct scores, words spoken scores, and global development composite scores), stepwise regression analyses were conducted by using a backward elimination method to determine the best predictive model. Variables were first checked for multicollinearity. Variables entered into the analyses were average daily calories at both time points and betaine consumed at both time points. Total choline intake variables from the 2 time points were highly correlated such that multicollinearity issues precluded their simultaneous inclusion. Thus, analyses were run with each total choline intake variable in turn. For the 10-mo cognitive variables, only 30-wk betaine consumption and 45-d postpartum caloric intake entered into the model. Betaine consumption at 30 wk gestation entered as a negative predictor of the short-term visuospatial memory scores when the task was novel (P = 0.061); calories consumed at 45 d postpartum entered as a positive predictor of global development cognitive scores (P = 0.043). For the 12-mo cognitive variables, betaine consumption at 45 d postpartum entered as a significant positive predictor of shortterm visuospatial memory when the task was novel (P = 0.058), words spoken (P = 0.017), and global development (P = 0.026). When analyses were repeated with the choline intake at 45 d postpartum variable, the patterns of prediction remained the same. Thus, betaine consumption should be assessed in human choline supplementation studies. Caution should be exercised if computing power analyses based on these exploratory results: no correction was made for multiplicity because we chose to better enable hypothesis generation by avoiding the inflation of a Type II error as is commonly recommended (51) (52) (53) .
Genetic modulation of choline metabolism
Since the inception of this study, we have identified single nucleotide polymorphisms on genes related to choline metabolism that may predispose a pregnant woman to a higher need for exogenous choline (54, 55) . The current study was not powered for genetic analyses. However, exploratory analyses of genetic groupings may suggest designs for follow-up studies (see Supplemental Materials under "Supplemental data" in the online issue).
DISCUSSION
The purpose of this study was to assess whether supplemental choline (as phosphatidylcholine) could be administered safely to pregnant and lactating women and to test the hypothesis that maternal supplementation with phosphatidylcholine during pregnancy and early lactation in humans would enhance the cognitive abilities of infants at 10 and 12 mo of age. Adverse events were not found to occur at a greater frequency among subjects taking supplemental choline relative to those taking placebo. Moreover, no differences were found at either age between the groups in the percentage correct scores on short-term visuospatial memory, on words spoken as measured by parent report, on long-term episodic memory, or on global development as measured by the Mullen Scales of Early Learning. We conclude that, when mothers are eating diets containing w65-80% of the recommended intake for choline, there is no advantage to supplementing these mothers with phosphatidylcholine (that delivers 750 mg/d) in terms of enhanced brain development in their infants. These results should be interpreted with caution. Our study was not adequately powered to determine whether some women, with genetic variations that might increase their requirements for choline, derive benefit from a choline supplement. In addition, our study was conducted in the United States, where diets contain good sources of choline. It is possible that choline supplementation might benefit fetal and infant brain development and thus, subsequent cognitive development in areas of the world where the average daily choline intake of women is estimated to be half that of the intake in the United States (13) .
The rodent studies that reported enhanced hippocampal function after choline supplementation used comparatively higher doses of choline than we did; they added choline to drinking water or pelleted food to approximately quadruple normal dietary intake (17, 18, 21, 22) . We used a supplement designed to increase the recommended choline intake (450 mg/d) by 2.6-fold; in the absence of safety data during pregnancy, we were hesitant to use the higher dose needed to quadruple intake (1350 mg choline/d). It is possible that the amount of supplement we administered was too small. Now that we have demonstrated that a supplement of phosphatidylcholine delivering 750 mg choline/d has no adverse effects, in future studies researchers may want to examine the effects of a larger dose of choline.
We used phosphatidylcholine, rather than choline, for our supplement. As discussed earlier, this was to avoid the fishy body odor that has been reported with choline supplementation, but which does not occur when phosphatidylcholine is used. The bioavailability of phosphatidylcholine is different from that of choline. Phosphatidylcholine is a lipid and can be absorbed intact or after being hydrolyzed by pancreatic lipases to form glycerophosphocholine (56) . Approximately 50% is absorbed as the lipid and enters the lymphatic circulation, bypassing the liver, whereas the remainder, being aqueous soluble, enters the portal vein and is first presented to the liver. Choline, which is water soluble, is absorbed and enters the portal vein and, on first pass, is taken up by the liver (57) . The liver converts some of this choline to betaine and exports the rest as phosphatidylcholine (58) . Thus, it is possible that administering choline in the form of phosphatidylcholine rather than choline has different biological effects (57) .
In our human study, we administered supplemental choline only during the second half of gestation and 90 d of lactation-a period that does not encompass the whole of human hippocampal neurogenesis (25 wk gestation through $4 y postnatally). The human hippocampus is functional in a rudimentary form at birth, but the structures of the medial temporal lobe, including the hippocampus, undergo significant morphologic development over an extended period of time (months to years). For example, 30% of granule cells in the human dentate gyrus do not start to proliferate and establish connections until after birth, with major connectivity to the frontal lobes not being established until 9-10 mo of age (31) . Moreover, neurogenesis in the adult dentate gyrus has been reported (59) . In the rodent studies on which we based our hypotheses, the treatment period encompassed most of the period of hippocampal neurogenesis in the rodent brain (18, 19, 21) . Thus, a discrepancy exists in the translation.
Our time points for cognitive assessment were logistically confined. We examined effects across a 2-mo developmental period that is thought to be an important period for the development of cognitive functions subserved by the hippocampal structure. However, it is possible that the effects of choline supplementation will be more evident at an older age, after the hippocampal connections to the frontal lobes have been established and, thus, development of higher-order cognitive functions have progressed.
Future studies should take into account dietary intakes of both choline and betaine, because our results suggest an influence of betaine on cognition. The supplemented group had a higher mean betaine intake than did the placebo group. Data were not available to explain this difference. Dietary betaine is found mostly in grains, but also in foods such as shrimp, beets, and sweet potatoes. It is possible that the supplemented mothers were eating a large amount of grains. More detailed dietary data would be needed to determine why this difference existed.
The results of this trial suggest that, during pregnancy and lactation, middle-class American mothers consuming a Western diet do not benefit from a 750-mg/d phosphatidylcholine supplement with regard to fetal and infant brain development. The study established that this dose of phosphatidylcholine supplement is safe when used by pregnant and lactating women. Further research is needed to determine the utility of such supplementation in populations in which dietary choline is scarce, to determine whether there are subgroups of mothers with genetic variants in genes of choline metabolism who respond to supplemental choline, and to determine whether doses of supplemental choline higher than those that we used in this study influence brain development.
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